Minimal residual disease (MRD) quantification is widely used for therapeutic stratification in pediatric acute lymphoblastic leukemia (ALL). A robust, reproducible, sensitivity of at least 0.01% has been achieved for IG/TCR clonal rearrangements using allele-specific quantitative PCR (IG/TCR-QPCR) within the EuroMRD consortium. Whether multiparameter flow cytometry (MFC) can reach such inter-center performance in ALL MRD monitoring remains unclear. In a multicenter study, MRD was measured prospectively on 598 follow-up bone marrow samples from 102 high-risk children and 136 adult ALL patients, using IG/TCR-QPCR and 4/5 color MFC. At diagnosis, all 238 patients (100%) had at least one suitable MRD marker with 0.01% sensitivity, including 205/238 samples (86%) by using IG/TCR-QPCR and 223/238 samples (94%) by using MFC. QPCR and MFC were evaluable in 495/598 (83%) samples. Qualitative results (o0.01% or X0.01%) concurred in 96% of samples and overall positivity (including o0.01% and nonquantifiable positivity) was concurrent in 84%. MRD values X0.01% correlated highly (r 2 ¼ 0.87) and 69% clustered within half-a-log 10 . QPCR and MFC can therefore be comparable if properly standardized, and are highly complementary. MFC strategies will benefit from a concerted approach, as does molecular MRD monitoring, and will contribute significantly to the achievement of 100% MRD informativity in adult and pediatric ALL.
INTRODUCTION
Minimal residual disease (MRD) monitoring is a strong prognostic factor in acute lymphoblastic leukemia (ALL), incorporated as a powerful stratification criterion in ongoing pediatric therapeutic trials. [1] [2] [3] [4] [5] [6] Recent results suggest that MRD evaluation also helps to recognize patients who may benefit from hematopoietic stem-cell transplantation in adult ALL. 7, 8 Quantification of IG/TCR clonal rearrangements using allele-specific quantitative PCR (IG/TCR-QPCR) [9] [10] [11] [12] [13] and multiparameter flow cytometry (MFC) 4, [14] [15] [16] are the most commonly used methods for MRD assessment. The EuroMRD Consortium guidelines and quality control (QC) runs have established a high degree of standardization and inter-laboratory reproducibility of MRD results obtained with molecular quantification of, preferably, two IG/TCR targets, [17] [18] [19] centralized in a limited number of experienced laboratories. Consequently, IG/TCR-QPCR assays are currently considered to be the gold standard for MRD monitoring in most European ALL therapeutic trials. 20 MFC, based on the detection of leukemia-associated immunophenotypic (LAIP) abnormalities at diagnosis, is a more recently introduced alternative MRD technique in ALL, the specificity, sensitivity and feasibility of which has increased with the development of multiparameter analysis. By relying on stored diagnostic and follow-up information (flow-cytometry list modes) and providing complementary data, it bypasses some of the limitations of PCR-MRD measurement in terms of diagnostic DNA availability, as well as superior informativity in certain ALL subsets of immature ALL. 21 Although increasing efforts have been developed for standardization throughout Europe, inter-laboratory reproducibility of MFC-MRD results need to be assessed before this methodology can be implemented into multicenter ALL treatment schedules. [22] [23] [24] Whether MFC can compete with IG/TCR-QPCR performance in routine ALL follow-up monitoring is open-to-question, in both pediatric and adult ALL.
We (and others) have previously shown that results obtained using MFC in a single-center setting were comparable to those obtained using IG/TCR-based QPCR in pediatric ALL. 21, [25] [26] [27] The objectives of the present study were to evaluate whether comparable results can also be obtained in a multicenter setting in childhood and in adult ALL.
We therefore undertook a multicenter national MRD study comparing 4-5 color MFC-and molecular-based methods in childhood and adult BCR-ABL negative ALL (Soutien aux Techniques Innovantes et Coû teuses (STIC) 2006 program). To enrich for positive MRD samples in children, only high-risk cases were included. We show that highly systematized MFC analysis and reporting is at least as informative as, and has a high degree of concordance with, the gold standard IG/TCR-QPCR technique at the targeted 0.01% threshold, in children as well as in adults. Importantly, QC results confirmed good reproducibility between MFC laboratories working with different instruments but in close collaboration.
PATIENTS AND METHODS Patients
Between July 2006 and December 2009, 238 patients (102 children and 136 adults) from 18 French clinical centers were included in the study. Adult patients were treated according to the GRAALL-05 clinical trial. Pediatric patients were treated according to either the FRALLE-2000 or EORTC-58951 trials, and were included, provided they displayed high-risk features according to NCI criteria (age X10 years old; WBC count X50.10 9 /l) or very high-risk criteria defined by the trial (poor response to pre-phase steroid treatment qualified by the presence of X1.10 9 /l peripheral blasts at day 8). Patients displaying BCR-ABL-positive ALL or aged o1 year were excluded from the study, as these patients are treated on separate, multinational protocols in which the relative place of MCF and molecular monitoring merits specific evaluation.
The diagnosis and immunological classification of ALL were established according to EGIL criteria. 28 A B-cell precursor (BCP)-ALL immunophenotype was found in 153 patients, and a T-ALL immunophenotype in 85.
MRD studies were performed in 598 follow-up samples from these 238 ALL cases. Follow-up bone marrow samples were obtained at the end of induction (MRD1, day 35-45), after the first consolidation (MRD2, day 70-95) and at later time points in 96, 57 and 79 children and 126, 118 and 122 adults, respectively. All samples fulfilled the remission criteria (o5% blasts at cytomorphological examination).
Sample preparation
For each patient, malignant cells were obtained at diagnosis from bone marrow, or, in some cases with tumoral mass, from pleural fluid or lymph node aspirates.
Bone marrow samples underwent Ficoll centrifugation followed by blast percentage evaluation on cytospins. Only samples with 425% of blasts at diagnosis were included in the molecular study. Whenever necessary, cell pellets were stored in liquid nitrogen until use. Total RNA and genomic DNA were extracted according to standard procedures. LAIP features were studied on a fresh blood or bone marrow sample taken at diagnosis. For MRD studies, both techniques were performed in parallel on a unique bone marrow sample that was subdivided into two fractions, one immediately processed by MFC, the other one cryopreserved or extracted immediately for molecular analysis.
IG/TCR-QPCR
Clone-specific IG/TCR-QPCR was assessed and used for MRD monitoring, on the basis of the quantitative detection of leukemic clone-specific T-cell receptor or immunoglobulin gene rearrangements, in five laboratories, according to EuroMRD guidelines, as described. [16] [17] [18] MRD was thus assessed between 500 ng (from one laboratory) and 675 ng (100 000 cells) (from four laboratories) of DNA, in triplicate. Positive MRD results were quantified, if within the quantitative range, and considered as 'positive non-quantifiable', if below this range.
Multiparameter flow cytometry
Four-color (39%) or five-color (61%) MFC was performed on fresh cells (after Ficoll-separation (80%) or erythrocyte-lysis (20%)) with similar antibody panels, antibody clones and gating strategies, in eight laboratories. The BCP-ALL panel consisted of antibody combinations with a common ALB1/CD10FITC, J4-119/CD19APC, J33 or 2D1/CD45PerCP (or ECD) backbone and variable fourth (PE conjugated) and fifth (PE-cyanin-7 conjugated) antibodies against 39C1.5/CD2, L138/CD13, 80H5/CD15, B9E9/ CD20, S-HCL1/CD22, ALB9/CD24, P67.6/CD33, 581/CD34, HB7/CD38, AICD58/CD58, 104D2/CD117 and 9F5/CD123 antigens. These panels were modified by adding CD20FITC to the backbone in cases with a CD10 neg CD20 neg pro-B/B-I ALL immunophenotype. Four-and five-color panels were designed at the beginning of the study and the combinations used for MRD assessment were established and maintained throughout.
The T-ALL panel consisted of antibody combinations with a common UCHT1/surface CD3 (PE-Cyanin-7 or ECD conjugated) and UCHT1/cytoplasmic CD3 (APC or Cyanin-5 conjugated) backbone and variable third (FITC conjugated), fourth (PE conjugated) and fifth (PE-cyanin 7 conjugated) antibodies against BL6/CD1a, 39C1.5/CD2, BL1a/CD5, 8H8.1/CD7, ALB1/CD10, 581/CD34, J33 or 2D1/MY31/CD56, Tü 12/CD99 and HT6/TdT antigens. Cytoplasmic CD3 and nuclear TdT labeling were performed with the IntraStain fixative and permeabilization solution (Dako, Glostrup, Denmark).
At least three or two antibody combinations were used in 200/232 (86%) and 261/366 (71%) cases for MFC-MRD studies, in 4 and 5 colors, respectively. All antibodies were purchased from Becton-Dickinson (San Jose, CA, USA), Beckman-Coulter (Miami, FL, USA) or Dako. Four-color MFC analyses were performed on FACScalibur equipped with CellQuest Pro and Paint-a-gate software (Becton-Dickinson) and 5-color MFC analyses were performed on FC500 with CXP software (Beckman-Coulter) or FACScanto-II with DIVA software (Becton-Dickinson).
According to the instrument's performance, we used either a live-gate two-step acquisition procedure with FACSCalibur (Becton-Dickinson), including a selective secondary acquisition of 1000-100 000 total viable B-or T-cells that is, a median of 440 000 total nucleated cells, as reported previously. 21 A one-step initial acquisition of at least 200 000 events (median 389 000 total viable nucleated cells) was used with FC500 (Beckman Coulter) and FACSCanto-II (BD Biosciences, San Jose, CA, USA) analyzers. This ensured achievement of the sensitivity threshold of 0.01% decided upon at the initiation of the study. Doublets/dead cells and debris were excluded on FSC/SSC and CD45/SSC dot plots. Then, a CD19 þ or cCD3 þ cell gating allowed selection of all lymphoid B-or T-cells (that is, normal and leukemic). Within these cells, positive MRD was identified as a significant cell cluster (that is, 410 events) with such LAIP and scatter properties as defined at diagnosis in all plots of interest. In case of discrepant results between antibody combinations, the final MRD value considered was the highest among combinations that most reliably discriminated abnormal blasts from normal bone marrow cells.
In this respect (see Supplementary Table 1) , the most frequent antibody combinations used in this study for MRD detection in addition to the CD45, CD19, CD10 backbone included CD38, CD58, CD123 and CD34 in B-ALL cases with frequencies between the eight MFC centers of 53-79% (mean: 61%), 24-79% (mean: 57%), 35-44% (mean: 38%) and 30-44% (mean: 34%), respectively. The variation of these frequencies between laboratories was not statistically significant, except for combinations including CD58. The best combinations to measure MRD in T-ALL were those containing TdT, CD99, CD1a and CD34 with usage frequencies of 73-89% (mean: 80%), 56-81% (mean: 63%), 36-50% (mean: 37%) and 15-46% (mean: 26%), respectively.
Statistical analyses
Applicability and concordance of MRD methods were compared with a w 2 test and the Fischer exact test for binary variables and a Mann-Whitney Rank Sum test for continuous variables, using the SigmaStat 3.5 software (Systat Software, Chicago, IL, USA). Correlations between MRD values generated by QPCR and MFC were measured with the Spearman's rank correlation test and their representation was plotted using the GraphPad Software (GraphPad Software Inc., San Diego, CA, USA). The significance limit for P-values was set to Po0.05 in all tests.
RESULTS

MFC QCs and consensus interpretation
Mock MRD samples consisting of fresh leukemic cells from six BCP-ALL and one T-ALL admixed into normal regenerative bone marrows were distributed via express mail to all MFC labs. In six of these QC samples, expected positive MRD results ranged from 0.02 to 2.30%. All of the results provided by the MFC labs were positive, that is, X0.01%, and 42/46 (91%) were clustered within a half-a-log in each QC. The lowest level of MRD tested corresponded to the only T-ALL (sample 4). It is noteworthy that all but one laboratory quantified this result at B0.1%, rather than the expected 0.02%, suggesting that the expected result was inaccurate. False positivity was observed in 1/6 measurements of the QC5, which was devoid of leukemic cells ( Figure 1 ). This discrepant result may be explained by the unusually high proportion of normal immature precursor B cells present in the normal bone marrow distributed, the CD10 þ high CD19 þ CD34 þ high CD38 þ high/medium immunophenotype of which strongly overlapped with that of the BCP-ALL cells chosen as potential contaminator in QC5.
Collective review of MFC-MRD data files was organized during five consecutive workshops in the presence of all eight laboratories in order to improve standardization of the gating strategies during the training phase of the study. These files included all those where the initial locally-issued MFC result was discordant with that of PCR-MRD (n ¼ 61/598, 34 with qualitative discordance, that is, negative (o0.01%) versus positive (X0.01%) results or vice versa, and 27 positive MRD results with a quantification difference higher than half-a-log 10 ). In addition, 80 randomly chosen files with initially concordant MFC and PCR-MRD results were also reviewed.
MFC datafiles were collectively reanalysed with CellQuestPro, Diva (Becton-Dickinson) and CXP (Beckman-Coulter) softwares without knowledge of either the local MFC or molecular MRD results at the time of panel review. Comparison between the local and collective results is shown in Figure 2 . The consensus conclusion (o orX0.01%) differed from that of the local center in 19/141 (13%) cases and was retained for further analyses. As expected, differences were more frequent for cases showing an initial difference with the PCR result (17/61, 28%) than for those chosen randomly (2/80, 3%) ( Table 1 ). The level of positivity was very low in most of these discrepancies, ranging from 0.01 to 0.03% in 17/19. All IG/TCR PCR results that initially showed a difference with MFC were reviewed and confirmed by two of the molecular laboratories. The reasons for MFC-MRD discordance between local and collective results included an incorrect gating strategy (n ¼ 11), poorly discriminant LAIP (n ¼ 6), an unrecognized subpopulation of leukemic cells with a distinct LAIP (n ¼ 1) or incomplete antibody panel review after complementary immunophenotype performance (n ¼ 1). There was no center effect in these discrepancies. Comparison of 174 paired MFC-MRD analyses on Ficoll-separated mononuclear cells and erythrocyte-lysis patients. Five patients (1 child and 4 adults) with 4-10% blasts in the diagnostic sample were excluded from molecular analysis, yet could be processed by MFC. Two or more suitable IG/TCR markers were used in 59% of pediatric and 42% of adult ALLs. Suitable IG/TCR probes were less frequently found in CD10 À (13/20, 65%) than in CD10 þ (120/132, 91%) BCP-ALL subtypes, whether the MLL gene was rearranged (4/7, 57%, P ¼ 0.02) or not (9/13, 69%, P ¼ 0.04, w 2 test). Similarly, there was significantly lower feasibility of QPCR MRD determination in immature T-I/T-II (17/26, 65%) compared with more mature T-III/T-IV (49/56, 88%) T-ALL subtypes (Po0.02). By contrast, the applicability of MFC was uniformly high in CD10 À (20/20, 100%) and CD10 þ (122/132, 92%) BCP-ALL, as well as in T-I/-TII (26/27, 96%) and T-III/T-IV (47/48, 98%) T-ALL subtypes.
Paired MRD measurements performed by both QPCR and MFC were evaluable in 495/598 (83%) bone marrow aspirates, including 196/232 (84%) and 299/366 (82%) samples from children and adults, respectively. Interestingly one or the other method could be performed in all of the remaining 103 samples, illustrating their highly complementary applicability.
Concordance of IG/TCR-QPCR and MFC-MRD values
Concordance was assessed both before and after consensus agreement on MFC results. Before consensus on MFC values and using a 0.01% threshold to define positivity, the MRD qualitative conclusion (that is, MRD negative, o0.01% or MRD positive, X0.01%) provided by both methods was identical in 461/495 samples (94%) from 203 patients The proportion of discordant files decreased from 25/236 (10.6%) for the first half of the program to 9/259 (3.5%) for the second half (Po0.01), in keeping with progressive harmonization of MFC processing and interpretation.
After consensus MFC evaluation, the number of discordant results decreased from 34 to 22 and the incidence of identical MRD qualitative conclusions rose to 473/495 samples (96%) (Figure 3 ). Among the remaining 22 discordant results, 13 were positive with QPCR but negative with MFC and 9 vice versa. The positivity level was, however, below the molecular quantitative range of at least 0.05% in 20/22 (91%) of these samples. Further comparison was undertaken with consensus, corrected MFC results.
For molecular results, the quantifiable range (QR) refers to robust, reproducible, positivity, below which the lowlevel positivity cannot be reliably quantified. As these 'suspect' samples may include leukemic cells, they are classified as positive nonquantifiable, below QR. 19 Among the 205 cases suitable for QPCR, 176 (86%), 27 (13%) and 2 (1%) had QR of 0.01%, 0.05% and 0.1%, respectively. At the individual-sample level, of 495 samples suitable for QPCR, 416 (84%), 73 (15%) and 6 (1%) had QR of 0.01%, 0.05% and 0.1%, respectively. Overall, QR of 0.05% or 0.1% were less frequently observed in pediatric (21/195, 11%) than in adult samples (58/300, 19%, P ¼ 0.02). When considering all positive MRD samples (both above and below QR for QPCR), the two methods yielded concordant MRD results in 414/495 (84%) samples. Thus, although most often (65/75) nonquantifiable, MRD was detectable with QPCR but not with MFC in 73 (14%) samples and vice versa in only 12 (2%) additional samples. It is noteworthy that six samples were positive nonquantifiable o0.05% by QPCR, and as such could not be stratified at the 0.01% cutoff used in most clinical trials. Of these, two were positive by CMF at 0.01% and 0.03% and four gave CMF values o0.01%. As such, the CMF/QPCR complementarity allowed clarification of the small minority of samples with borderline values owing to insufficiently sensitive QR.
Quantification of the 109 paired MRD results positive with both QPCR and MFC were significantly correlated (r 2 ¼ 0.87, Po0.0001) and clustered within half-a-log 10 in 75 (69%) of these. By comparison, a similar proportion of paired positive results before consensus correction were within half-a-log 10 (67/101, 67%).
The qualitative concordance of consensus paired QPCR-and MFC-MRD results was comparable in children (180/191 (94%)) and in adults (289/298 (97%)) ( Table 2 ). Quantified positive MRD values with both techniques were strongly correlated in children (n ¼ 35, r 2 ¼ 0.85, Po0.001) and in adults (n ¼ 74, r 2 ¼ 0.87, Po0.0001). In addition, similar proportions of paired MRD results were clustered within half-a-log 10 in both age groups (25/35 (71%) and 50/74 (68%), respectively).
According to follow-up time points (Table 1) , the qualitative concordance of both MRD1 and MRD2 results provided by both methods was not different in children (76/80 (95%) and 45/48 (94%), respectively), nor in adults (102/107 (95%) and 96/98 (98%), respectively).
QPCR and MFC results were compared using a QPCR/MFC-MRD ratio. The percentage of paired results that were within half-alog 10 at both time points was not statistically different at MRD1 (24/38 (63%) nor at MRD2 (13/16 (81%)).
The proportion of identical qualitative QPCR and MFC-MRD conclusion was similar in BCP-(304/318 (96%) and in T-(165/171 (96%)) ALL subtypes, as well as with 4-color (181/189 (96%)) or 5-color (288/300 (96%)) MFC. Quantitative agreement of paired positive MRD results with both techniques, as reflected by the percentage of those clustered within half-a-log 10 , was also comparable in BCP-(57/80 (71%)) and T-(18/29 (62%)) ALL, as well as with 4-(25/35 (71%)) or 5-color (50/74 (68%)) MFC analyzers. The incidence of qualitative (that is, negativeo0.01% versus positive X0.01%), as well as quantitative (that is, positivity ratio 41/2 log 10 ) discordant results provided by both techniques were not significantly different when molecular quantification of MRD was performed with one instead of two or more IG/TCR targets (9/241, 3.9% versus 11/240, 4.6% and 11/49, 22% versus 21/57, 37%, respectively).
Although the number of samples studied by each of the participating MFC and QPCR laboratories was variable, and some only studied children (1 MFC laboratory and 1 QPCR laboratory) while others studied only adults (two MFC laboratories and one QPCR laboratories, see Supplementary Table 2), the qualitative MRD concordance between QPCR and MFC was not different between MFC laboratories (94-100%) nor between QPCR laboratories (95-98%). Of note, discordances between both MRD techniques were not clustered as they were observed in all participating MFC and PCR laboratories before, and in 6/8 MFC and 5/5 PCR laboratories after consensus review of the files.
DISCUSSION
QPCR is currently recognized as the gold standard for MRD detection in ALL, yet increasing reports indicate that MFC also yields relevant information. Here we compared these two techniques in parallel on partitioned bone marrow samples from 238 ALL patients, and confirmed the good concordance of these methods. The decision to analyze only high-risk pediatric patients may have introduced a bias in terms of frequency of positive MRD. This was deliberate, in order to obtain enough positive samples for proper comparisons between the methods tested.
To be incorporated into therapeutic trials, standardization and QC are the required conditions for all MRD techniques. Accordingly, the EuroMRD consortium has developed highly powerful guidelines and quality assurance that guarantee reliability and reproducibility of clone-specific IG-TCR-QPCR results and makes it the gold standard method for MRD measurement. [18] [19] [20] However, several groups have shown that standardization of MFC-MRD evaluation is feasible in a multi-center setting. [22] [23] [24] In the present study, standardization included similar antibody panels and clones, with fixed backbone triplets in 4-and 5-color combinations. The choice of fluorochromes had, however, to be adapted to the constraints induced by each of the three flow cytometers in usage in the MFC laboratories network at the start of the program. Agreement on gating strategies for MRD determination also remained a constant objective during the development of this program and was improved by biannual workshops organized to that aim. During these workshops, 141 MFC-MRD data files from 81 patients were thus collectively reviewed and the consensus concordance between the initial local center and collective reanalyzed results appeared high (87%), especially for randomly chosen files. Using comparable interlaboratory tests of list-mode data interpretation, Dworzak et al. 22 reported a very high degree of agreement among four centers despite differences in instruments and software. With a similar approach, Bjorklund et al. 24 also obtained a high concordance of MRD results between 15 laboratories at a cut-off level, which will be applied for clinical decisions, with continuing standardization resulting in better concordance.
Between-centers reproducibility was also tested by providing QC mock-MRD samples prepared by spiking ALL blasts into regenerative normal bone marrow cells. Irving et al. 23 had used a similar approach by testing 15 mock-MRD exchanged fresh samples, and we also obtained a high inter-laboratory agreement with 91% of the 46 positive values clustered within half-a-log 10 in each QC. Another study also reported a high concordance (ICC 0.98) between 4 laboratories from Italy, Germany and Austria by testing artificial serial dilution preparations of fresh ALL cells admixed into normal bone marrows. 22 In our study, however, a false-positive result was noted, due to the strong immunophenotypic resemblance between leukemic cells and the immature normal B-cell precursors present in an unexpected high proportion in this QC sample. This low incidence of false-positive/negative qualitative results is thus comparable to that by Dworzak et al. 22 who observed five similar qualitative discordances among 164 MRD values available in their study.
The high applicability levels of both IG/TCR-QPCR (86%) and MFC (94%) MRD techniques observed in our study are comparable to the most recently reported series. [4] [5] [6] [7] 25, 27, 29 Accordingly, all MRD determinations were feasible with at least one of the methods. This was of particular interest in certain ALL subsets, including B-I CD10-ALL or immature T-cell ALL in which MFC techniques can bypass the limitations of PCR. 21 Studies of other genes (TAL deletions, IGK, TCRb), which were not performed systematically in the present study, could also increase the feasibility of PCR. 11, 12, 17 Recently, Coustan-Smith et al. 30 have also shown that the incorporation of new markers in antibody combinations could substantially improve the applicability and sensitivity of MRD MFC studies in BCP-ALL. Thus all these methods appear complementary, each with specific strengths and potential weaknesses. 29 In line with most of the published reports comparing QPCR and MFC performance for MRD assessment in ALL, we chose a cut-off of 0.01% to define MRD positivity. 23, [25] [26] [27] 31, 32 The overall qualitative concordance rate, that is, similar positive or negative MRD conclusion with both techniques, was remarkably high (96%) in our study and not different in children (94%) or adults (97%), nor according to follow-up time points. Results previously reported in the literature in childhood series ranged from 75 to 97% concordance, some with similar rates, whatever the time point, 25, 26 others with a lower rate at early time points. 23, 32 We report comparable results in adult samples. Several differences between the series may explain these discrepancies. Multi-centric experiences reported lower concordance rates (75-86%) 23, 31, 32 than mono-centric studies (89-97%), [25] [26] [27] although significant standardization efforts for MRD processing were developed in the former. Our study was multicentric, involving, in particular, a relatively high number of participating MFC laboratories. Harmonization of antibody panels and gating strategies together with collective MFC data file review improved our results, as 28% of the discrepancies between QPCR and MFC MRD qualitative conclusions disappeared after collective data reanalysis.
Usage of a unique bone marrow sample to perform each of paired QPCR and MFC-MRD analysis may also have contributed to the higher qualitative agreement of our results, similarly to what Neale et al. 25 and Kerst et al. 27 reported, by comparison to the three published series that used distinct samples to perform dual MRD analysis. 23, 31, 32 The presence of qualitative discrepant MRD results in our study deserves several observations: First, similarly to previous reports, 23, 25, 31 the positivity level was most often very low and around the threshold level, second, most discordant paired samples positive in MFC contained detectable nonquantifiable (mostlyo0.01%) MRD signals with QPCR. In a minority of these, with a molecular quantitative range of only 0.05%, the CMF result allowed classification above or below the 0.01% level used for clinical stratification. On the other hand, MFC failed to detect any MRD signal in the majority of discordant QPCR-MRD positive samples. The former type of discrepancy is likely to reflect difficulties encountered with QPCR to accurately and reproducibly quantify the lowest level of MRD according to Poisson's distribution, whereas the latter is more likely to be either due to the lower sensitivity of MFC methods or due to the fact that it analyses only live cells. This is further supported by our observation that 12% of paired MRD results classified as negative with both methods indeed contained detectable leukemic signals at a level below the threshold with QPCR but not with MFC.
However, the clinical significance of detectable abnormal cells at a level o0.01% is still questionable. First of all, non-specific PCR amplification of normal DNA may be confused with low-level MRD signals. In addition, various proportions of ALL cells detected by QPCR had undergone apoptosis and were therefore excluded from MFC analysis. Similarly, almost all leukemia-associated markers can be expressed by small subsets of normal lymphoid precursor cells, which could lead to misinterpretation of very low MFC-MRD signals. A recent study suggested that the detection of a very low level of MRD (0.001-0.01%) with QPCR methods at the end of remission induction therapy has a prognostic significance in childhood ALL, 33 but other studies are requested for confirmation. Nevertheless, given its higher capacity to detect low MRD levels, QPCR may be preferable to MFC to prevent falsenegative MRD results in trials aiming to recognize low-risk patients in which treatment de-escalation may be intended. As most of the discordant undetectable MFC-MRD results were seen in samples qualified positive by QPCR, but at a level around 0.01%, MFC would be an appropriate MRD method to identify high-risk patients in whom treatment intensification may be necessary, given the rapidity with which the results can be obtained in routine practice. In particular, MFC may be especially valuable to evaluate the chemo-sensitivity of the leukemic clone by early MRD assessment during remission induction therapy. [34] [35] [36] Similarly to all previous reports, 23, [25] [26] [27] 31 the quantification levels of our 109 MRD samples positive with both QPCR and MFC were correlated.
The reliability of MRD values may be lowered by other parameters, which are highly difficult to detect and quantify in routine practice. They include the degree of contamination of bone marrow samples with peripheral blood, presence of minor immunophenotypic subpopulations with distinct LAIP, minor molecular subclones, unexpected changes of clonal markers and antigenic modulation during treatment or at early relapse. 20, 25, 31, [37] [38] [39] [40] Therefore, MRD values obtained with these two techniques are not yet easily exchangeable. 26 As a consequence, positivity thresholds to define risk categories have to be established in each treatment protocol according to the methods chosen to assess MRD monitoring and their aims.
In conclusion, this multicentre study confirms that QPCR and MFC are highly complementary strategies for MRD detection in ALL, likely to provide 100% informativity in both adult and pediatric ALL.
